Specific, peripheral C-tactile afferents contribute to the perception of tactile pleasure, but the brain areas involved in their processing remain debated. We report the first human lesion study on the perception of C-tactile touch (N = 59), revealing that posterior and anterior right insula lesions reduce tactile, contralateral and ipsilateral pleasantness sensitivity, respectively. These findings are consistent with a posterior-to-anterior pattern of integration of interoceptive information in the frontoinsular junction.
Introduction
Increasing evidence points to the importance of affective touch to human development and health (McGlone et al., 2014) . Humans may have a specialized neurophysiological system for tactile affectivity, separate from that for touch discrimination.
Specifically, in the peripheral nervous system, affectivity of touch has been linked to the activation of unmyelinated, mechanosensitive C-tactile fibers (CTs) that are present only in human hairy skin and respond preferentially to low pressure, slow stroking touch at skin temperature (Löken et al., 2009; Ackerley et al., 2014) . Microneurography studies found that CTs are velocity tuned, responding optimally to a stimulus moving over their receptive field at between 1 and 10cm/s, with discharge frequencies that correlate with subjective ratings of stimulus pleasantness as measured psychophysically (Löken et al., 2009) . Functional neuroimaging studies have demonstrated a functional segregation, with primary and secondary somatosensory cortices most commonly associated with discriminatory touch (Aβ mediated), while tactile pleasantness (CT mediated) is associated with other areas such as the posterior insula (Morrison, 2016) , parietal operculum, orbitofrontal cortex and superior temporal sulcus (Perini et al., 2015; Björndotter, 2016) . These studies however are correlational. Only two neuromodulatory, repetitive transcranial magnetic stimulation (rTMS) studies (Case et al., 2016; 2017) have investigated causal relationships, finding that the right primary and secondary somatosensory cortex are not necessary for the perceived affectivity of touch. The causative role of the insular cortex, subcortical structures and white matter connections has not yet been studied, as virtual lesion methods have limited validity when applied to these deeper regions (Lenoir et al., 2018) . By contrast, lesion studies allow for direct examination of the functional role of both superficial and deep brain areas.
Accordingly, we aimed to investigate for the first time the right hemisphere regions which are necessary for the perceived affectivity of CT-optimal touch, applying a voxel-based lesion symptom mapping approach 10 (VLSM; Bates et al., 2003) in a large, consecutively recruited cohort of patients (N=59) with recent, first-ever, right hemisphere lesions following a stroke.
The selection of right-hemisphere patients restricts any laterality interpretations, but it also avoids the possibly confounding sequelae of left hemisphere lesions, such as language and depression symptoms (Robinson et al., 1984; Whyte et al., 2002) .
We used a previously validated tactile stimulation paradigm (Crucianelli et al., 2013; Gentsch et al., 2015; von Mohr et al., 2017; Kirsch et al., 2018) , together with standardized neuropsychological, somatosensory and mood assessments. Our affective touch paradigm required blindfolded patients (N=59, RH) and age-matched healthy controls (N=20, HC), to rate the intensity and pleasantness of brushing stimuli delivered at velocities known to activate the CT-system optimally (3cm/s; CT-optimal affective touch) or not (18cm/s; CTsuboptimal neutral touch) to both the left (contralesional) and the right (ipsilesional) forearm (see Methods). Participants had to rate also the hypothetical pleasantness of being touched by a typically pleasant vs. unpleasant material.
Given that right hemisphere and particularly right perisylvian regions have been previously associated with somatosensory and interoceptive perception (Dijkerman & de Haan, 2007; Preusser et al., 2015) , we expected our patients to have, on average, reduced ratings of both touch intensity and pleasantness in comparison to healthy controls, and particularly in the contralesional left forearm. Crucially, given the assumed neurophysiological specificity of the CT system, we expected that more specific lesions to the posterior insula (Morrison, 2016) would lead to a lack of CT pleasantness sensitivity (defined as the pleasantness difference between CT-optimal and CT-suboptimal velocities), particularly on the contralesional forearm.
Methods

Subjects and clinical investigation
Fifty-nine, unilateral, right-hemisphere-lesioned stroke patients (mean age: 65.86 ± 14.12 years; age range: 38-88 years; 31 females) were recruited from consecutive admissions to seven stroke wards as part of a larger study using the following inclusion criteria: (i)
imaging-confirmed first ever right hemisphere lesion; (ii) contralateral hemiplegia; (iii) <4 months from symptom onset; (iv) no previous history of neurological or psychiatric illness;
(v) >7 years of education; (vi) no medication with significant cognitive or mood side-effects;
(vii) no language impairments that precluded completion of the study assessments; and (viii) right handed. All participants gave written, informed consent to take part in the study. The local National Health System Ethics Committees approved the study, which was carried out in accordance to the Declaration of Helsinki.
All patients underwent a thorough neurological and neuropsychological examination.
Premorbid intelligence was assessed using the Wechsler Test of Adult reading (WTAR; Wechsler, 2001) . Post-morbid, general cognitive functioning, including long-term verbal recall was assessed using the Montreal Cognitive Assessment (MoCA; Nasreddine, 2005) .
The Medical Research Council scale (MRC; Guarantors of Brain, 1986) was used to assess limb motor strength. Proprioception was assessed with eyes closed by applying small, vertical, controlled movements to three joints (middle finger, wrist and elbow), at four time intervals (correct = 1; incorrect = 0; Vocat et al., 2010) . Working memory was assessed using the digit span task from the Wechsler Adult Intelligence Scale III (Wechsler, 1997) . The
Hospital Depression and Anxiety Scale (HADS; Zigmind and Snaith, 1983) was used to assess anxiety and depression. Executive and reasoning abilities were assessed using the Frontal Assessment Battery (FAB; Dubois et al., 2000) . Four subtests of the Behavioural Inattention Test (BIT; Wilson et al., 1987) were used to assess visuospatial neglect. Personal neglect was assessed using the 'one item test' (Bisiach et al., 1986 ) and the 'comb/razor' test (Mcintosh et al., 2000) .
Twenty age-matched healthy control subjects were recruited and tested with the same behavioural paradigm in order to assess the specificity of deficits in the patient group (healthy control group; 63.05 ± 12.12 years; age range: 46-87 years; 11 females). Patients' demographic characteristics and their performance on standardized neuropsychological tests and how they compared to the healthy sample are summarized in Table 1 . 
Design and Predictions
The present study aimed to investigate the neuroanatomical bases of affective touch. To this aim, we compared a large cohort of right hemisphere stroke patients to healthy controls, and explored how deficits in affective touch perception are linked with specific brain lesions. To achieve this aim we applied an affective touch paradigm that manipulated three factors: i) the velocity of the touch applied (slow, CT-optimal, affective touch vs. fast, CT-suboptimal, neutral touch); ii) the forearm the touch was applied to (right, ipsilesional vs. left, contralesional); iii) and the group of participant (Stroke patients vs. Healthy controls). For each type of touch we recorded two measures: 1) intensity ratings and 2) pleasantness ratings.
We also asked participants to rate the pleasantness of imagined touch with either a smooth material versus a rough material, to control for top-down effects.
To investigate the neuroanatomical bases of affective touch, we conducted two main voxelbased, lesion-symptom mapping analyses, separately for each forearm, using as predictors the CT pleasantness sensitivity (difference between average pleasantness ratings for CT-optimal touch and CT-suboptimal touch). In addition to the main analyses we also ran a control analysis, using the difference between hypothetical pleasantness ratings of pleasant (velvet) and unpleasant (sandpaper) material as predictors, to control for potential top-down affective deficit. Finally, a lesion overlap was calculated to create a color-coded overlay map of lesioned voxels across participants with negative or null CT pleasantness sensitivity on each forearm.
Given our patients' lesions to several perisylvian regions of the right hemisphere previously associated with somatosensory perception (Dijkerman & de Haan, 2007; Preusser et al., 2015) , we expected that our patients would have, on average, reduced ratings of both touch intensity and pleasantness in comparison to healthy controls, and specifically in the contralesional left forearm. However, we did not expect a general right stroke effect on pleasantness sensitivity to CT affective touch (defined as the pleasantness difference between CT-optimal and CT-suboptimal velocities), given the assumed neurophysiological specificity of the CT system. Instead, we expected that lesions involving mainly the right posterior insula (Morrison, 2016) would lead to a lack of pleasantness sensitivity, particularly on the contralesional forearm. Moreover, as some authors have proposed that the right hemisphere, and particularly the right anterior insula, has a crucial role in interoceptive awareness for the entire body (Craig, 2009; Critchley et al., 2004; Kann et al., 2016; Khalsa et al., 2009; Salomon et al., 2016) , we expected also to find some causal role of ipsilateral areas (right hemisphere regions after touch on the right forearm) and particularly the right anterior insula in the perception of affective touch on the ipsilesional forearm.
While testing only right-hemisphere patients restricts the conclusions of the study to the right hemisphere (as in the aforementioned neuromodulatory studies; Case et al., 2016 Case et al., , 2017 ) and hence our conclusions regarding laterality are preliminary, it avoids confounds related to the many cognitive and emotional sequel of left hemisphere lesions, such as language problems and depressive reactions (Robinson et al., 1984; Whyte et al., 2002) .
Affective touch protocol
Tactile stimulation followed a previously validated protocol (Crucianelli et al., 2013; Gentsch et al., 2015; von Mohr et al., 2017; Kirsch et al., 2018) , including both 'imagined' and actual touch questions. Specifically, first a 9cm x 4cm area of skin stimulation was marked on both forearms and patients were familiarized with the vertical rating scales (to minimize the effects of neglect; we also always ensured the participants could see the scale and read it aloud to facilitate them), anchored at "0 -not at all" and "10 -extremely". We first sampled top-down, prior beliefs about tactile pleasantness by asking two hypothetical questions about imagined touch: "How pleasant would it be to be touched by velvet on your skin" (typically pleasant) and "How pleasant would it be to be touched by sandpaper on your skin?" (typically unpleasant). Participants were asked to answer using the vertical 0 to 10 pleasantness scale.
We then explained that actual tactile stimuli would be delivered on the marked forearm areas, while participants were blindfolded, and instructed to remain still and to focus on both the intensity and pleasantness of the touch they were experiencing ( Fig. 1 ). Tactile stimuli were administrated by a 4 cm wide soft make up brush made from natural hair (Natural hair Blush Brush, No. 7, The Boots Company). Brush strokes were administered by a trained female experimenter in proximal-to-distal direction with the brush held in a perpendicular position, with the edges of the brush tracking the width of the testing area to control for pressure.
Every touch condition lasted for 3 seconds; with an inter-stimuli interval of at least 30s. After each touch, participants were asked to answer two questions: first "How well did you feel the touch?" (i.e. touch intensity rating), and if they felt the touch (i.e. reporting an intensity rating >0), they were asked "How pleasant was the touch?" (i.e. touch pleasantness rating), using the above described 0 to 10 vertical scale. Tactile stimuli were delivered at two different velocities on the participant's left and right forearm: CT-optimal speed (3cm/s, known to activate CT fibers optimally; one stroke over the 9cm long area) and CT-suboptimal speed (18cm/s, known to activate CT fibers to a lesser degree, suboptimally ; Gentsch et al., 2015;  six strokes). Each condition was repeated 6 times, leading to a total of 24 trials -delivered in a pseudorandomized order. The experiment was split into 3 blocks to avoid fatigue; short breaks were taken after a set of 8 trials (2 repetitions of each condition in each block). "How pleasant would it be to be touched by velvet on your skin?" "How pleasant would it be to be touched by a sandpaper on your skin?" Pleasantness scale. 2. Participants were then asked to put on a blindfold at the onset of each trial before the experimenter delivered the touch on the left or right forearm at CT-optimal or CT-suboptimal velocities (pseudorandomized), each touch lasted for 3 seconds and was repeated twice with a one second break in between. After each touch, blindfold was removed so participants could rate the touch on two scales: Intensity = How well they felt the touch; and Pleasantness = How pleasant was the touch, each on a vertical scale ranging from 0, not at all, to 10, extremely. After ratings were recorded, the participant was asked to put the blindfold back before starting the next trial.
All patients had intact sensation on the right ipsilesional forearm (i.e. rated the intensity of tactile stimuli as greater than zero in all the trials, irrespective of velocity, and had intact sensation on this side according to a standardized assessment; the Revised Nottingham Sensory Assessment (rNSA; Lincoln, Jackson, & Adams, 1998) but as predicted, on the contralesional side, some patients (40.7%, N=24) were not able to perceive the tactile stimuli (corroborated also by the above standardized somatosensory assessment), and therefore gave a rating of zero on the intensity scale, and were not asked to provide pleasantness ratings.
Thus, pleasantness ratings were available only from the remaining 35 patients who were able to perceive the intensity and pleasantness of most contralesional tactile stimuli in our paradigm.
Lesion mapping methods and analyses
Routinely acquired clinical scans obtained on admission (<2 days post stroke) were collected for the 59 patients (49 via computerized tomography, CT; and 10 via magnetic resonance imaging, MRI). We note that testing patients in the acute post-stroke phase entails challenges but avoids any confounds relating to plasticity and functional reorganization (Baier et al., 2014; De Haan & Karnath, 2018) . The patient's lesion was mapped by means of the MRIcron software (Rorden & Brett, 2000) on the standard T1-weighted MRI template (ICBM152) of the Montreal Neurological Institute (MNI) coordinate system. Lesions from these scans were segmented and co-registered using a manual procedure, as this method remains the best methods to date for lesion mapping of clinical scans and shown to be more accurate than automatized methods (Maier et al., 2015; de Haan & Karnath, 2017; Liew et al., 2018) . Two expert clinicians, blind to the hypotheses of the study, outlined the lesions. In the case of disagreement of two lesion plots, the opinion of a third, expert anatomist was The statistical contribution of lesion location to CT pleasantness sensitivity and fabrics deficits was tested using voxel-based lesion symptom mapping (VLSM), and using the behavioral scores as continuous predictor. The statistical process performed in voxel-based lesion-symptom mapping (Bates et al., 2003) consists of the following steps: at each voxel of the spatially standardized scan images, patients are divided into two groups according to whether they did or did not have a lesion affecting that voxel. Behavioral scores are then compared for these two groups with a t-test, yielding a single-tailed p-value for each voxel 1 .
This method allows controlling for lesion size, which is included as a covariate of noninterest. Note that to avoid spurious results due to low numbers of lesioned voxels, only voxels lesioned in at least 10 participants were tested. This results in color-coded VLSM maps that represent voxels where patients with lesions show a significantly different behavioral score from those whose lesions spared that voxel at an α level of 0.01 after correction for multiple comparisons using the false discovery rate (Curran-Everett, 2000).
Software to perform VLSM (http://crl.ucsd.edu/vlsm) was run using Matlab (Mathworks, 2002) .
Each analysis was conducted separately for the contra-and the ipsilesional forearm, and only regions of more than 10 voxels that passed the set 0.01 FDR-corrected threshold were considered in the discussion. VLSM results were visualized in MRIcron. Three anatomical templates served to identify grey and white matter region labels: the "automated anatomical 
Results
Touch perception after right hemisphere stroke -Behavioral Data
First, we investigated the effect of right hemisphere lesions on the perception of touch intensity and pleasantness, on the contralesional and ipsilesional forearm separately, by comparing stroke patients and healthy controls intensity and pleasantness ratings in turn. As the data were normally distributed, separate ANOVAs were run with touch type (CT-optimal vs. CT-suboptimal) and group (stroke patient vs. healthy controls) as factors, for each rating type and each forearm.
Given our patients' lesions to several perisylvian regions of the right hemisphere previously associated with somatosensory perception (Dijkerman & de Haan, 2007; Preusser et al., 2015) , we expected that our patients would have, on average, reduced ratings of both touch intensity and pleasantness in comparison to healthy controls, and particularly in the contralesional left forearm. However, we did not expect a general stroke effect on pleasantness sensitivity to CT-optimal touch (defined as the pleasantness difference between CT-optimal and CT-suboptimal velocities). Instead, we expected that particular lesion patterns involving the insular cortex would lead to a lack of pleasantness sensitivity, particularly on the contralesional forearm (see Morrison, 2016 , for a meta-analysis).
Touch Intensity Ratings
We were able to collect contralesional touch intensity ratings on only 39 out of the total sample of 59 patients due to an administrative error (the experimenter took binary, 'yes' or 'no' responses to the tactile stimuli instead of using the rating scale in the remaining patients). For the same reason, we only had ipsilesional touch intensity ratings for CToptimal touch on 36 and CT-suboptimal touch on 20 patients. This unfortunately meant that our sample was reduced to 39 patients for the analyses of intensity ratings on the contralesional forearm and of 20 patients for the ipsilesional forearm.
A main effect of group on intensity ratings was observed only in the contralesional forearm, with stroke patients perceiving touch as less intense than healthy controls only on the contralesional left forearm (contralesional: F(1,57)=55.918, p<0.001, η p 2 = .495; ipsilesional:
F(1,38)=0.834, p=0.367, η p 2 = .021); in line with the high percentage of contralesional tactile deficits in right hemisphere stroke patients (including in our patients' sample, see Methods).
Thus, even though the power of our statistical analysis was decreased on the ipsilesional side, the inability to reject the null hypothesis was consistent with our other assessments of tactile acuity for the ipsilesional side of the body (as measured by the rNSA, see Methods). We also observed a main effect of touch type on the contralesional side, with both stroke patients and healthy controls perceiving CT-optimal touch as less intense than CT-suboptimal touch (F(1,57)=4.689 p=0.035, η p 2 = .076), as shown in previous studies (Löken et al., 2009; Triscoli et al., 2013) . No such effect was noted in the ipsilesional side (F(1,38)=.073, p=0.789, η p 2 =.002) and there was no interaction between touch type (CT-optimal vs. CTsuboptimal) and group (contralesional: F(1,57)=2.902, p=0.094, η p 2 = .048; ipsilesional:
F(1,38)=.954, p=0.335, η p 2 = .025; see Fig. 2A&B ). 
Touch Pleasantness Ratings
We were able to record pleasantness ratings for contralesional forearm touch on 35 and 39 patients for CT-optimal and CT-suboptimal touch velocities respectively (data of 21 and 13 patients were missing due to the fact that patient did not feel the touch and gave an intensity rating of 0; see Methods; the remaining 3 and 8 missing data were due to administration error). For the right ipsilesional forearm, pleasantness ratings of 56 and 41 patients were recorded at CT-optimal and CT-suboptimal touch velocities respectively. Thus, the sample of the analysis of touch pleasantness was of 35 patients for the contralesional forearm and of 41 patients for the ipsilesional forearm.
Our analyses revealed a main effect of stroking type on pleasantness ratings, with CT-optimal affective touch being rated as more pleasant than CT-suboptimal neutral touch on both showing a general tactile anhedonia effect. However, as expected, no interaction between touch type (CT-optimal vs. non-CT) and group was found (contralesional: F(1,53)=0.393, p=0.533, η p 2 = .007; ipsilesional: F(1,59)=0.073, p=0.788, η p 2 = .001; see Fig. 2C&D ).
Moreover, to investigate whether the general anhedonia effect in right hemisphere patients was specific to patients that also had a tactile acuity deficit, we ran the same analysis only with patients with intact sensation (N=25), and found that the main effect of group holds, with patients finding touch overall less pleasant than controls (F(1,43)=9.880, p=0.003, η p 2 = .187).
A similar general tactile anhedonia (reduced pleasantness ratings) was observed in our patients as compared to the controls for imagined tactile pleasantness in our control task (F (1,57) = 55.918, P<0.001, η p 2 =.495), but there was no Group by Fabric interaction (F (1,70) =.061, P=0.806, η p 2 =.001).
Even though as expected at a group level, stroke patients differed from healthy controls only on general tactile anhedonia, rather than CT-sensitivity (i.e. rating CT-optimal touch as more pleasant than CT-suboptimal touch), the aim of the study was to investigate the lesion patterns and neuropsychological deficits that may be associated with the inability of certain stroke patients to distinguish the pleasantness of CT-optimal versus CT-suboptimal touches.
Accordingly, CT pleasantness sensitivity was calculated as the difference between the pleasantness of CT-optimal and CT-suboptimal touches. As a convention, CT pleasantness sensitivity inferior or equal to zero is considered as low in CT pleasantness sensitivity, i.e.
CT affective touch perception . On the contralesional left forearm, out of 35 patients, 10 patients (28.57%) rated CT-optimal touches as less or equally pleasant than CT-suboptimal touches; whereas on the ipsilesional right forearm, out of 41 patients, 18 patients (43.9%) rated CT-optimal touches as less or equally pleasant than CT-suboptimal touches.
Interestingly, none of the patients demographic characteristics or, neuropsychological deficits correlated significantly with their CT pleasantness sensitivity, including education, anxiety and depression scores, as well as memory as measured by the MOCA memory subscale, and premorbid intelligence, all p>0.01, alpha corrected for multiple comparisons. Thus, low CT touch sensitivity was not explained by other general cognitive deficits, as assessed in the present study. Moreover, there was no correlation between CT pleasantness sensitivities on both forearms and tactile anhedonia (as measure by the difference between the imagined pleasantness of pleasant and unpleasant fabric; r 31 =-.084 p=0.652 for the contralesional forearm, r 36 =-.086, p=.618), nor with tactile acuity as measured by intensity ratings.
Brain regions necessary to perceiving affective touch -VLSM analyses CT pleasantness sensitivity
We investigated how deficits in CT pleasantness sensitivity on the contralesional forearm were linked to specific brain lesions. To do so, difference ratings between CToptimal and CT-suboptimal touch on the contralesional left forearm were entered as continuous predictor in a VLSM analysis, with lesion volume entered as a covariate of noninterest (N=35). As shown in Table 2A , when taking into account any patients that had given pleasantness ratings on the left forearm (i.e. given intensity ratings above 1 in most trials), the only region that was identified as necessary for CT affective sensitivity on the contralesional forearm were the rolandic operculum (Fig. 3A) . Subcortically, lesions extended to the tracts of the superior corona radiate. According to the white matter atlas of the Natbrainlab laboratory (Catani & Thiebaut de Schotten, 2012; Thiebaut de Schotten et al., 2011) , significant voxels were found on the cortico-spinal tract, the corpus collosum, the internal capsule, and the anterior segment of the arcuate fasciculus. Moreover, including only patients without sensory deficit (participants that rated all the trials as more intense than 2; N=25) lead to lesions as well in the rolandic operculum but also, and most interestingly a bigger cluster in the posterior part of the insula (see Table 2B and Fig. 3B ). Similarly, we investigated how deficits in CT pleasantness sensitivity on the ipsilesional forearm were linked to specific brain lesions. As the perception of touch on this forearm was not affected by the stroke (as confirmed by both a standardized assessment of light touch perception -rNSA and our intensity touch ratings; see above and Methods), results of this analysis would be even more clearly associated with CT pleasantness sensitivity, albeit on the ipsilesional part of the body. To this aim, the difference between pleasantness ratings of CT-optimal and CT-suboptimal touch on the ispilesional right forearm (intact sensation) was entered as continuous predictor, with lesion volume entered as a covariate of non-interest (N=41). Only three regions survived the set threshold: the anterior insula, the rolandic operculum, and the frontal inferior operculum (Table 2C and Fig. 3C ).
This result was limited to the grey matter, as no classified regions were found with the JHU or the Natbrainlab atlases. It thus appears that the anterior insula, as well as the rolandic and frontal operculum need to be intact, even in the ipsilesional hemisphere, for individuals to perceive a pleasantness difference between CT-optimal and CT-suboptimal touch. It is to note, that out of the 10 patients that showed a negative CT pleasantness sensitivity on the contralesional forearm (among all patients, N=35), 8 of them had a lesion to the rolandic operculum cluster (X=48, Y=-9, Z=15); and for the 2 remaining patients, one had a more focal deep lesions (amygdala, putamen, thalamus), that could still be on the posterior insula track; and the other had an insula lesion but more frontal; see Supplementary   Figure 2A . Moreover, when taking into account only patients without sensory deficit, out of the 6 patients that showed a negative CT pleasantness sensitivity on the contralesional forearm (among patients without sensory deficit, N=25), 5 had a lesion to the posterior insula cluster (X=38, Y=-12, Z=12), and the other had a more focal deep lesion (amygdala, putamen, thalamus); see Supplementary Figure 2B .
Out of the 18 patients with a negative CT pleasantness sensitivity on the ipsilesional forearm, 15 had a lesion of the anterior insula cluster (X=45, Y=3, Z=8); and the three remaining had a lesion to the insula, but not on that specific cluster (see Supplementary Fig. 1C ).
Imagined Pleasantness of touch
Moreover, as control for a general pleasantness deficit, patients rated how pleasant it would be to be touched by a typically pleasant material (i.e. velvet, M pleasantness rating = 6.91, SD = 1.88) and a typically unpleasant fabric (i.e. sandpaper, M pleasantness rating = 0.33, SD = 0.93).
Similarly as for CT pleasantness sensitivity, top-down tactile pleasantness sensitivity was computed as the difference between pleasant and unpleasant pleasantness ratings, for each patient. We considered the same patients as for the CT pleasantness sensitivity VLSM analysis (N=36 as we had missing data for 5 of them), and ran a VLSM analysis with these top-down tactile pleasantness sensitivity. This gave rise to significant voxels in the Caudate, Thalamus, Putamen and Pallidum, but crucially, not the insula (Supplementary Table 1 ).
Discussion
In the present study, we used a previously validated affective touch protocol in stroke patients to investigate for the first time the right hemisphere regions, which are necessary for the perceived affectivity of CT-optimal touch, applying a voxel-based lesion symptom mapping approach. Lesion mapping results confirmed our predictions, with VLSM results corroborating the importance of the posterior insula and the rolandic operculum in perceiving CT-optimal touch on the contralateral forearm as more pleasant than CT-suboptimal touch, particularly when other tactile pathways are intact. In contrast, and most interestingly, deficits in CT pleasantness sensitivity on the ipsilesional forearm were associated with lesioned voxels in the anterior part of the insula. As patients' perception of the discriminatory, emotionally-neutral aspects of touch on the ipsilesional forearm was not affected (verified by the lack of difference in intensity ratings between healthy controls and patients, as well as patients' performance on a standardized somatosensory assessment), and as the left insula and somatosensory cortex of these patients were intact, these results suggest that the right anterior insula has a necessary role in the CT pleasantness sensitivity, even for the ipsilateral side of the body. Additionally, a VLSM analysis with the difference of pleasantness between hypothetical pleasant (velvet) and unpleasant (sandpaper) fabric as predictor found significant voxels subcortically in the caudate, thalamus, putamen and pallidum, but crucially, not the insula, suggesting that the above results are specific to applied tactile stimuli and not more general pleasantness comparisons.
This is the first lesion study to investigate deficits in the perceived affectivity of CToptimal touch. Our results suggest a causal role of the posterior contralateral opercularinsular cortex for the perception of CT-optimal touch as more pleasant than CT-suboptimal touch, offering support to previous, correlational, functional neuroimaging findings on the CT system (Olausson et al., 2002; Morrison et al., 2016) . In addition, our findings reveal that the right anterior fronto-insular junction is necessary to perceive the pleasantness of CToptimal touch as more pleasant than CT-suboptimal touch on the ipsilateral forearm. Thus, even when the left insula and somatosensory cortex are intact and hence presumably contralateral stimuli are processed in the left cortex (as also revealed by the intact detection of ipsilesional tactile stimuli in our patients), a right anterior insula lesion is enough to cause deficits in the perception of affective touch on the right forearm. Our findings address existing debates about hemispheric laterality and interoceptive awareness (Kann et al., 2016; Khalsa et al., 2009; Salomon et al., 2016) , although the VLSM method has known, intrinsic limitations and we cannot exclude the possibility of the role of the left insula in affective touch perception, nor the impact of lesions of the right hemisphere in disconnecting tracts towards the left hemisphere. However, taken together, our findings support previous findings about the functional organization and role of the human insula (Craig, 2010; Cauda et al., 2011; Kurth et al., 2010; Heydrich and Blanke, 2013; Ronchi et al., 2015; Salomon et al., 2018) , consisting of specialized substrates organized in a posterior to anterior structural progression, with posterior parts representing the primary cortical representations of interoceptive stimuli from contralateral body parts and more anterior parts, tested here in the right hemisphere, acting as integration areas for sensory signals and contextual cues ultimately leading to interoceptive awareness.
Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable request.
